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Abstract
Transspecies transmission is common among retroviruses, although the consequences of the transmission are very different. Some transspecies
transmissions have resulted in fatal diseases in the new host while others have remained asymptomatic. Some retroviruses are apathogenic in the
original species, but pathogenic in a new host and others can be pathogenic or apathogenic in both species. In some cases, endogenization of the
retrovirus in the new host has been observed but in others not, while some transmitted retroviruses exist in both forms. Although in most cases
transspecies transmission has been observed in one direction only, bidirectional transmissions of caprine and ovine lentiviruses have recently been
described. Studies on newly reported natural and experimental transspecies transmissions of the koala retrovirus (KoRV) may help to understand
such events.
© 2007 Elsevier Inc. All rights reserved.Keywords: Retroviruses; HIV; PERV; Immunodeficiency; Xenotransplantation; Koala retrovirusRetroviruses have long been known to be capable of
infecting new host species by transspecies transmission. Interest
in this subject has been boosted by the finding that the human
immunodeficiency viruses (HIV-1 and HIV-2) are the products
of such transspecies transmissions (Gao et al., 1994, 1999) and
by recent concerns over the potential transmission of PERVs
following xenotransplantation of pig organs into humans
(Blusch et al., 2002; Denner, 1998).
There are numerous examples of naturally occurring
transspecies transmissions (Tables 1 and 2). Some resulted in
the emergence of novel fatal diseases, such as the transmission
of the simian precursors of HIV-1 and HIV-2 into humans
leading to acquired immunodeficiency syndrome (AIDS).
Interestingly, all of the 30 or more simian immunodeficiency
viruses (SIV) are apathogenic in their natural host, but
transmission into humans (HIV-1, HIV-2) or Asian macaques
(SIVmac) can induce AIDS (Hahn et al., 2000). In contrast, the
simian (STLV) and human T cell tropic viruses (HTLV) are
pathogenic in both species (Koralnik et al., 1994; Voevodin et
al., 1997; Mahieux et al., 1998). Simian foamy viruses (SFV)⁎ Fax: +49 30 4547 2801.
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doi:10.1016/j.virol.2007.07.026are widely distributed in non-human primates and the
concordance between the phylogeny of these viruses and their
host species indicates a long-standing co-existence and co-
evolution (as in the case of SIVs in their natural hosts)
(Schweizer and Neumann-Haefelin, 1995). Although up to 2%
of primate handlers are infected with SFV, none have yet
developed disease and perhaps most importantly, transmission
of the virus to sexual partners has not occurred (Heneine et al.,
1998; Jones-Engel et al., 2005). This is in contrast to the
situation with SIV transmission to humans and macaques.
Also of great interest is the recent evidence that the small-
ruminant lentiviruses (SRLVs) can be naturally transmitted
across the species barrier in both directions (sheep-to-goat and
goat-to-sheep) (Shah et al., 2004a,b). Both the caprine arthritis-
encephalites virus (CAEV) and the maedi-visna virus (MVV)
belong to the SRLVs and are normally transmitted from the
mother to her offspring by milk or after prolonged contact
between adult animals. However, evidence for goat-to-sheep
transmission of SRLV was found following a sheep and goat
show in Switzerland. Sixty percent of the 114 goats present, all
derived from certified CaEV-free herds, were infected with a
single virus strain under unexplained circumstances. This strain
was more closely related to MVV than to CaEV and was also
isolated from a sheep exhibited at the same show. It is known
Table 1
Natural transspecies transmission of lenti- and spumaviruses
Original virus Species Pathogenicity Species Virus Pathogenicity Reference
SIVcpz Chimpanzee
(Pan troglodytes troglodytes)
HIV-1 AIDS Gao et al., 1999
SIVsm Sooty mangabey
(Cercocebus torquatus atys)
HiV-2 AIDS Gao et al., 1994
SIVmac AIDS
STLV-1 Mandrill (Mondrillus sphinx),
chimpanzee (P. t. troglodytes),
baboon (Papio sp.),
rhesus monkey (M. mulatta)
HTLV-1 T cell leukemia,
immunodeficiency
Koralnik et al., 1994,
Voevodin et al., 1997
STLV-1 Chimpanzee (P. t. versus) STLV-1 T cell leukemia
SFV African green monkey
(Chlorocebus aethiop),
baboon (Papio sp.)
SFV Apathogenic Heneine et al., 1998
SRLV
(CaEV, MVV)
Small ruminants (goat, sheep) SRLV
(CaEV, MVV)
Pathogenic Shah et al., 2004a,b
230 Minireviewthat MVV can be experimentally transmitted to goats, and, vice
versa, that CaEV can be transmitted to sheep (Banks et al.,
1983). In addition, molecular epidemiology has revealed
regularly occurring sheep-to-goat transmissions (Shah et al.,
2004a). Eradication programs that started in many countries will
therefore probably not be successful without a strict separation
of goats and sheep or the inclusion of sheep populations in the
program.
In this context, the newly reported transspecies transmission
of the KoRV (Hanger et al. 2000; Tarlington et al., 2005, 2006)
is of special interest. Like many other retroviruses, KoRV
induces in koalas myeloid leukemias, lymphomas and immu-
nodeficiencies associated with chlamydia infections. Further-
more, it was shown that KoRV is closely related to murine
leukemia viruses and to the gibbon ape leukemia virus (GaLV)
(Hanger et al., 2000). It has been suggested that GaLV
originated from Southeast Asian mice such as Mus caroli
(Lieber, 1975). The fact that gibbons and koalas live in different
continents suggests that the zoonosis may have involved an
intermediate vector. The transfer probably occurred recently
because the level of sequence divergence between GaLV and
KoRV is similar to that of two different strains of GaLV, SEATO
and SF (Delassus et al., 1989). Most interestingly, the infection
in koalas is associated with endogenization of the provirus. As
Tarlinton et al. (2006) showed recently, most of the animals in
the north of Australia carry endogenous sequences, whereas inTable 2
Natural transspecies transmission of gammaretroviruses
Original virus Species Pathogenicity Species
PriERV
(endogenous)
Non-human primates
PO-I-Lu
(endogenous)
Langur
(Presbytis obscuris)
Rodent virus?? ??the south many animals are not infected at all. One possible
scenario to explain this observation is that virus-transmitting
rodents coming from Southeast Asia may have arrived in
seaports in Northern Australia and infected koalas and a wave of
infection and endogenization moved through Australia. In
contrast, the related GaLV remained exogenous in the new host,
the gibbon. The related porcine endogenous retroviruses
(PERVs) also represent a transspecies transmission. Since
similar sequences have been found in mice, but not in rats and
hamsters, it was suggested that PERVs originated from mouse
endogenous retroviruses. This would place the time of infection
between 3 and 10 Myr ago (Benveniste and Todaro, 1975).
These data were confirmed in recent studies using molecular
clock calibrations, revealing that the age of PERV is at most
7.6×106 years, which correlates with the point of separation
between pigs and peccaries 7.4×106 years ago (Tonjes
and Niebert, 2003). Numerous traces of previous retroviral
infections and integration have been found in the genomes
of many species (Mang et al., 2000; Martin et al., 1999;
van der Kuyl et al., 1999), although there were only a few
recent studies investigating the natural transmission of infec-
tious gammaretroviruses.
Experimental transspecies transmissions of immunodefi-
ciency viruses are well studied (Table 3), however, this is not the
case for gammaretroviruses. Most experimental transspecies
transmissions reported have been between phylogeneticallyVirus Pathogenicity Reference
RD-114
(endogenous)
Apathogenic van der Kuyl et al., 1999
Benveniste and Todaro, 1974
SRV AIDS Benveniste and Todaro, 1977
KoRV Lymphoma,
immunodeficiency
Hanger et al., 2000
GaLV Myeloid leukemia Delassus et al., 1989
Table 3
Experimental transspecies transmission of retroviruses
Original virus Species Pathogenicity Species Virus Pathogenicity Reference
SIVagm African green monkey
(Chlorocebus aethiops)
SIVagm Apathogenic Hirsch et al., 1990
SIVagm9063 African green monkey
(Chlorocebus aethiops)
SIVagm
9063
AIDS Hirsch et al., 1995
SIVsyk Syke`s monkey
(Cercopithecus mitis)
Apathogenic Hirsch et al., 1995
SIVsm Sooty mangabey
(Cercocebus atys)
AIDS Hirsch and Johnson, 1994
MoMuLV/
amphotropic env
Mouse Apathogenic
T cell
lymphoma
Donahue et al., 1992
KoRV Koala Tumor Fiebig et al., 2006
231Minireviewclosely related species (e.g., rat and mouse). For example,
inoculation of rats with a weakly oncogenic amphotropic
exogenous virus (MuLV10A-1) isolated from a wild mouse
resulted in a highly oncogenic amphotropic virus designated
1504A in the new species. Another example is the fact that
inoculation of different rat strains with Moloney murine
leukemia virus (Mo-MuLV) and repeated in vivo passage of
the lymphomas induced by these viruses resulted in the isolation
of the Harvey and Kirsten murine sarcoma virus (Lee et al.,
1998). Transspecies transmissions between phylogenetically
unrelated species are, in contrast, rare. One example is the
transmission of a murine leukemia virus carrying an ampho-
tropic env in the context of a gene therapy trial. In this trial,
severely immunosuppressed rhesus monkeys, but not immuno-
competent animals, developed lymphomas, the same disease
caused by this virus in mice (Donahue et al., 1992). In order to
assess the safety of xenotransplantation using cells and organs
from pigs, transmission of PERVs has been studied. None of the
humans and non-human primates treated with pig material have
been found to be infected, even under conditions of moderate
immunosuppression (Martin et al., 1998; Paradis et al., 1999;
Garkavenko et al., 2004; Irgang et al., 2003). The absence of
PERV transmission was also observed in small animals and
non-human primates inoculated with high doses of infectious
PERV (Irgang et al. 2005; Specke et al., 2001, 2002a, 2002b;
Denner, 2003), despite some of the animals receiving high
doses of immunosuppressive drugs and the fact that the cells of
these animals are susceptible to infection in vitro.
Against this background, the infection of rats with KoRV
that was isolated from a German zoo animal and is related to
GaLV and PERV (Fiebig et al., 2006) was rather astonishing.
Provirus integration was demonstrated in most organs and
tissues of the KoRV infected rats and virus was recovered from
the blood cells of infected animals. A high percentage of the
infected rats developed tumors (unpublished data), although the
possible direct involvement of KoRV in tumor induction needs
to be studied further. This animal model allows the mechanismand consequences of a transspecies transmission to be studied as
well as preventive vaccines and antiviral drugs to be tested
under in vivo conditions. If there is indeed a risk that koalas face
extinction due to the KoRV epidemic, vaccines could be tested
in the KoRV-rat model before being used to vaccinate koalas in
the hope of preventing further spread of the virus.
There are several mechanisms capable of preventing
transspecies transmissions of retroviruses or their pathogenic
consequences. First, the innate immune system can recognize
and eliminate viruses. Numerous gammaretroviruses endogen-
ous to various non-primate species including PERVs can infect
human cells in vitro, yet the transmission of these viruses to
humans is restricted (Rother et al., 1995). This has been
attributed to direct binding of the complement component C1q
to the viral envelope protein p15E, leading to classical pathway-
mediated virolysis in human serum (Bartholomew et al., 1978).
Another mechanism of complement-mediated inactivation of
gammaretroviruses is initiated by the binding of natural,
preexisting antibodies to the carbohydrate epitope Galα1–
3Galβ1–4GlcNAc-R expressed on the retroviral envelope
(Fujita et al., 2003). Complement-mediated inactivation of
amphotropic retroviral particles was found to be restricted to
human and other Old World primate sera, which parallels the
presence of natural anti-α-galactosyl antibodies. The α-
galactosyl epitope was found to be expressed on the surface
of amphotropic and ecotropic retroviruses and Western blot
analysis further localized this epitope to the retroviral envelope
glycoprotein gp70. Down-regulation of this epitope on the
surface of cells producing murine retroviral particles renders
both the cells and the particles they produce resistant to
inactivation by human serum complement. These data suggest
that anti-α-galactosyl antibodies can act as a barrier to the
horizontal transmission of retrovirus from species that express
the α-galactosyl epitope to humans and to other Old World
primates. However, anti-α-galactosyl antibodies cannot be the
only mechanism of protection since PERV grown on human
cells is also unable to infect non-human primates (Denner,
232 Minireview2003). Furthermore, these studies suggest a possible strategy to
generate complement-resistant retroviral vectors for in vivo
gene therapy application during which exposure to human
complement is unavoidable. On the other hand, these data
suggest that PERV produced from galactose α 1–3 galactose-
deficient pig cells will not be destroyed by human complement,
which therefore increases the risk for the transplant recipient
(Quinn et al., 2004).
Other cellular factors, termed restriction factors, influence
the tropism of retroviruses in mammalian cells by inducing a
dominant restriction that acts after viral entry but before
integration into the host genome (Bieniasz, 2004; Goff, 2004).
The best characterized members of this family are the Fv1 gene
in mice and Ref1 in humans that restrict murine leukemia virus
(Towers et al., 2000). Two members of the TRIM (tripartite
motif) protein family, Trim5α and Trim1, have been shown to
be components of this restriction (Yap et al., 2004; Sebastian
and Luban, 2007). Trim5α from several primate species can
restrict HIV-1 (Nisole et al., 2005; Sayah et al., 2004; Stremlau
et al., 2004), as can the simian and murine cytidine-deaminase
APOBEC3 (apolipoprotein B mRNA editing catalytic poly-
peptide) (Mariani et al., 2000). In human cells HIV-1 uses the
viral infectivity protein (Vif) to prevent or at least to reduce
inhibition by APOBEC3. At present it is unclear whether koalas
carry in their genome such restriction factors and whether
KoRV is partially restricted in rat cells.
Note added in proof
Recent investigation of FIV infection in bobcats and pumas
of Southern California provided evidence that cross-species
infection has occurred frequently among these animals
(Franklin SP, Troyer JL, Terwee JA, Lyren LM, Boyce WM,
Riley SP, Roelke ME, Crooks KR, Vandewoude S. Frequent
transmission of immunodeficiency viruses among bobcats and
pumas. J Virol. 2007 Aug 1; Epub ahead of print).
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